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ABSTRACT
Mitochondrial genome sequences are important
markers for phylogenetics but taxon sampling
remains sporadic because of the great effort and
cost required to acquire full-length sequences.
Here, we demonstrate a simple, cost-effective way
to sequence the full complement of protein coding
mitochondrial genes from pooled samples using the
454/Roche platform. Multiplexing was achieved
without the need for expensive indexing tags
(‘barcodes’). The method was trialled with a set of
long-range polymerase chain reaction (PCR) frag-
ments from 30 species of Coleoptera (beetles)
sequenced in a 1/16th sector of a sequencing
plate. Long contigs were produced from the
pooled sequences with sequencing depths ranging
from 10 to 100 per contig. Species identity of
individual contigs was established via three ‘bait’
sequences matching disparate parts of the mito-
chondrial genome obtained by conventional PCR
and Sanger sequencing. This proved that assembly
of contigs from the sequencing pool was correct.
Our study produced sequences for 21 nearly
complete and seven partial sets of protein coding
mitochondrial genes. Combined with existing se-
quences for 25 taxa, an improved estimate of basal
relationships in Coleoptera was obtained. The pro-
cedure could be employed routinely for mitochon-
drial genome sequencing at the species level, to
provide improved species ‘barcodes’ that currently
use the cox1 gene only.
INTRODUCTION
Next-generation sequencing (NGS) technologies allow
considerably greater numbers of nucleotides to be
characterized, from any given DNA sample, when
compared with conventional approaches (1,2). However,
in light of the number of base pairs usually needed to
establish phylogenetic relationships in molecular system-
atics, which only requires a limited number of markers,
the output from a single sequencing reaction greatly
exceeds the requirements for a single taxon. In contrast,
phylogenomic studies thrive on the depth and breadth of
gene sequencing, but glean their data from genomic and
transcriptomic approaches currently at the expense of suf-
ﬁciently dense taxon sampling for most taxonomic groups
(3). The application of NGS techniques in phylogenetics
has the potential for reducing stochastic errors, by adding
more genes (4), but has yet to provide the means of
reducing systematic errors, by adding signiﬁcantly more
taxa for sequencing single or multiple markers routinely.
Therefore, an important remaining challenge for effective-
ly exploiting NGS in molecular systematics is to develop
protocols for simultaneous analysis of multiple individuals
which can be sequenced for speciﬁed portions of the
genomes (5). This may be achieved in pooled samples,
but presents the problem that the resulting mixed
sequence information has to be related back to speciﬁc
individuals in the pool of samples.
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Various approaches currently exist to increase the
number of samples that are analyzed in a single
sequencing run. This includes the subdivision of the
sequencing device, e.g. the physical separation of
samples in the Roche/454 technology into up to 16 lanes
(6). In addition, the samples can be labelled by ligating
short indexing tag (‘barcode’) sequences prior to the
sequencing run that assign each sequence read to a par-
ticular sample present in the sequenced pool (7,8). These
techniques can greatly increase the number of taxa separ-
able in a sequencing run, but they are costly because of
the need to produce individual libraries for each sample
prior to the pyrosequencing step, i.e. they scale linearly
with the number of taxa. This greatly limits the use of
‘barcodes’ for multiplexing, except in cases of amplicon
sequencing of short polymerase chain reaction (PCR)
fragments (9) where the barcode tag can be fused to the
primer sequence (10), some of which are commercially
available as ‘multiplex identiﬁers’ (MIDs) for both the
454/Roche and Illumina platforms. The latter approach
of amplicon sequencing is attractive, e.g. for the
sequencing of mtDNA including the cox1 sequence that
is frequently used as a taxonomic ‘barcode’ (11) in species
identiﬁcation, but it is currently limited to amplicons of
<800 bp which is generally considered insufﬁcient for
phylogenetics.
A strong phylogenetic signal is usually obtained when
mtDNA sequences from multiple protein-coding genes are
combined. Whole mitochondrial genome sequences have
been shown to resolve deep-level relationships in many
groups, including insects (12–15), and their power is
expected to increase with greater density of taxon
sampling as widely shown for single mtDNA markers
(16). Therefore, the acquisition of large numbers of
whole-mt genome sequences is desirable, but sequencing
still requires considerable effort. A key step is the
long-range PCR ampliﬁcation of large portions of the
mitochondrial genomes, followed by either conventional
shotgun sequencing or pyrosequencing of individual
genomes. The latter has been shown to generate sequences
of high quality (17), but remains costly even when
sequencing plates are subdivided, while the minimum
numbers of sequences obtained per genome greatly
exceeds the depth of coverage needed.
Here, we trial a sequencing protocol for mixed samples
of mt genomes, which could reduce the number of se-
quences per taxon to a level of coverage that provides a
better balance of cost and data quality. Pooling samples in
a single sequencing run bears the obvious risk that reads
from different taxa cannot be separated by the assembler
software, or that individual taxa are mis-assembled from
the pool of sequence reads to create chimerical or mosaic
contigs. In addition, the approach requires that each
contig can be associated with a particular individual
present in the pool which may be performed through simi-
larity searches against known partial sequences or through
combinatorics (18,19) in multi-sample designs. None of
these steps have been explored carefully for the sequencing
of whole mitochondrial genomes.
We use the Coleoptera (beetles) to trial this approach.
Currently (April 2010), mitochondrial genomes for
25 species are available at GenBank, and various
attempts have been made recently to establish their phylo-
genetic relationships (20–29). While these studies were not
fully conclusive, and leave out the vast majority of the 168
currently recognized families and several of the 18
superfamilies (30), these analyses also demonstrate that
mt genomes are highly appropriate to solve the elusive
basal relationships in Coleoptera. These existing sequences
were used for the design of universal primers for
long-range PCR, followed by multiplex sequencing. A
sample of 30 species representing a wide range of
families of Coleoptera was included in this study and dem-
onstrates a high success rate of obtaining complete mt
genomes even when sequenced in a small (1/16th) sector
of a Roche/454 sequencer.
MATERIAL AND METHODS
DNA extraction, PCR ampliﬁcation and 454
pyrosequencing
Individual beetles freshly preserved in 100% Ethanol were
subjected to DNA extraction from whole or partial speci-
mens (depending on body size) with the Qiagen DNeasy
Blood and Tissue kit using spin columns. Universal PCR
primers were designed based on conserved regions of
available mt genome sequences of Coleoptera. All newly
designed primers and PCR reaction conditions are given
in Supplementary Table S1. These universal primers had a
very high ampliﬁcation success across all groups of
Coleoptera and greatly improved PCR on existing
primers, including the Pat and Jerry primers that have
been widely used in beetle phylogenetics (31). A single
fragment of >10 kb (30cox1 to rrnL) ampliﬁed the bulk
of the mitochondrial genome using long-range PCR
ampliﬁcation (Supplementary Table S2). Three further
fragments were generated for ampliﬁcation of regions
encoding: trnM-nad2-50cox1; cox1-cox2; and nad1-rrnS
(Figure 1).
Prior to 454 pyrosequencing, ampliﬁcation products
obtained for individual taxa were pooled into three
groups of 10 based on similar amounts of DNA (estimated
from intensity of bands on an agarose gel) for each indi-
vidual and four PCR fragments. This resulted in a total of
10 pools which were each puriﬁed using the QIAquick
PCR Puriﬁcation Kit (Qiagen). After elution the concen-
tration of each sample was measured with a ND-1000
spectrometer (Nanodrop technologies) and equimolar
amounts combined for a ﬁnal pool. The mixed sample
was used for library construction and pyrosequencing
on two 1/16th lanes of a 454 GS FLX Titanium
PicoTiterPlate following standard procedures (University
of Cambridge, Department of Biochemistry).
Bioinformatics
Sff-ﬁles were pre-processed (e.g. adaptors and low quality
regions were identiﬁed and trimmed), and primer
sequences were masked using the program cross_match
(-minmatch 10; -minscore 15) (P. Green, University of
Washington; www.phrap.org). The resulting Fasta ﬁles
and accompanying quality data were read into the
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program MIRA [Mimicking Intelligent Read Assembly;
(32)] for contig generation and separation of mixed
samples into individual mitogenomes. MIRA used the
denovo and ‘accurate’ settings, and assumed non-uniform
read distribution (-AS:urd=no). Post-MIRA joining of
contigs (secondary assembly) was performed using the
Phrap software package (www.phrap.org) with stringent
settings to avoid mis-assembly (-forcelevel 0).
To test the validity of the assembly method from pooled
samples, we used MetaSim (33) on the 25 available beetle
Figure 1. Cartoon illustrating the sequencing strategy. Long-range PCR is performed, together with PCR of shorter fragments to cover
all protein-coding regions (i). PCR products are pooled (ii) for 454 sequencing and contig production (iv), while in parallel conventional PCR
and sequencing is performed to obtain three bait sequences (iii). In the ﬁnal step the bait sequences are used to identify the respective contigs
in the pool (v).
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mitochondrial genomes to simulate a Roche 454 sequence
run on these taxa. A set of 30 000 reads (corresponding to
the output from a single 1/16th lane of the 454 sequencer)
was generated from the mixed multi-taxon data set
using default settings of the simulator a mean fragment
length of 284 bp (±30bp). These fragments were subse-
quently assembled using the MIRA software package and
the resulting assembly products were compared to the
GenBank entries from which they were obtained initially.
All 25 genomes were recovered without the formation of
chimerae, and in the correct gene order in all cases.
Differences between the original and simulated mt
genome sequences affected less than 0.1% of base pairs.
In addition, small indels resulted in length variation, in
particular in the d-loop region where in two cases small
repeats were absent in our assembly (Supplementary Table
S3). Minor discrepancies also result from the way the data
are simulated for sequences at both ends of the (linearized)
mt genome. The average length of the resulting contigs
was slightly shorter than the original data (15 679 bp
instead of 15 959 bp). The simulated data also include
two species belonging to the same genus Rhagophthalmus
with a patristic distance of P=0.109 for the whole
fragment or P=0.086 if a highly variable portion of
1000 bp is removed. Their correct assembly shows that
mixed sequence pools may include closely related species.
Our scheme for analyzing pooled samples further
involved conventional Sanger sequencing (ABI BigDye
technology) of three short-sequence fragments for each
of the 30 taxa included in the pool. These were used to
validate the correct assembly of contigs and to assign
the individual contigs to the taxa present in the pool
(Figure 1). We obtained portions of the nad5, cox1 and
cob genes whose locations are dispersed over the mt
genome by PCR ampliﬁcation with newly designed
primers (Supplementary Table S1). These sequences were
used as ‘baits’ in queries against the mitogenome contigs
using the BLAST algorithm (blastn). Only contigs to
which at least one Sanger sequence could be assigned
with certainty were retained for further analysis. In a
few cases overlapping contigs assigned to a single species
were obtained and assembled by hand. Next, the contigs
obtained from the combined datasets were put in the same
orientation using a custom Perl script, aligned with
MAFFT 4.0 (34), and annotated using the DOGMA
(35) webserver. Subsequently, contigs were aligned to the
gene sequences of the 25 Coleoptera mitogenomes avail-
able on GenBank. Protein coding genes for each species
were excised from the alignments and inspected for frame-
shifts and stop codons generating conceptual translations
with TransAlign (36). Each gene was individually aligned
on the protein level with ClustalW and the resulting
alignments were used to create nucleotide alignments in
triplets matching the amino acids. Inconsistencies were
edited after inspection of the raw assembly data in
Eagleview (37) or Tablet (38). A small number of unre-
solved base calls were trimmed or masked. The newly
generated sequences were submitted to GenBank (Acc.
No. HQ232800-HQ232827 and HM486073).
Phylogenetic analyses
Alignments on the nucleotide and amino-acid level from
individual genes were concatenated into a combined data
set for phylogenetic analyses. The choice of tree building
methods took into account the rate heterogeneity and
compositional bias in particular in 3rd codon positions,
broadly following methods described in Pons et al. (2010).
That study showed the best partitioning strategy for
concatenated mitochondrial protein coding genes in
beetles is by codon positions (1st: 2nd: 3rd). Hence
concatenated sequences were either split into three
codon partitions, or into two partitions whereby 3rd pos-
itions were removed and 1st positions were RY coded. The
latter reduces compositional biases and homoplastic sub-
stitutions (39).
Tree searches with Bayesian methods were conducted
with the parallel version of MrBayes 3.1.2 (40) performing
two independent searches of four chains. Each of these
used the default priors starting with random trees and
running three heated and one cold Markov chains for 2
million generations sampled at intervals of 1000 gener-
ations. The convergence of parameters was assessed with
Tracer 1.4 (41) and the convergence of posterior clade
probabilities with AWTY (42). After discarding burn-in
samples, trees from the two independent runs were
combined in a single majority consensus topology using
the sumt command in MrBayes and the frequencies of the
nodes in a majority rule tree were taken as a posteriori
probabilities (40). The same partition strategies were
used to analyze the data under the maximum likelihood
criterion in RAxML 7.2.6 (43). The best evolutionary
model for each partition was selected by jModelTest (44)
under the Bayesian Information Criterion. The results
suggested an independent GTR+I+G model and nucleo-
tide composition for each partition except for the RY
recoded 1st codon sites for which a F81+I+G model was
implemented.
Bayesian analyses were also conducted at both the nu-
cleotide and the amino-acid level using the CAT model in
PhyloBayes (45). This model estimates the distribution of
site-speciﬁc effects underlying each data set by combining
inﬁnite K categories of site-speciﬁc rates (46) and site-
speciﬁc proﬁles over the 4 nucleotide frequencies or the
20 amino acid frequencies (47). The global rates of nucleo-
tide variation were inferred from the data (CAT–GTR
settings). The convergence of split frequencies was
assessed with the ‘bpcomp’ command and effective
sample size for all parameters with the ‘tracecomp’ com-
mand. The ﬁrst 1000 samples were discarded as burn-in
and then sampled every 10 generations. Independent runs
were considered to have converged when the maximum
split frequency was <0.1 and effective sample size was
>100 (45).
RESULTS
Sequence analysis
The long-range and short-range PCR products of 30
species of Coleoptera (Table 1) were pooled in roughly
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equimolar concentrations for construction of a single
library, to be run on two lanes (1/16th) of the 454 sequen-
cer. In total 71 647 pyrosequencing reads were generated
(33 848 for lane 1; 37 799 for lane 2), with an average
length of 280 bp (SD: 168) for lane 1 and 374 bp (SD:
167) for lane 2. Three separate sequence assemblies were
carried out using MIRA for lane 1, lane 2 and the
combined data set. They resulted in 452, 509 and 829
contigs, respectively. However, most of these contigs
were shorter than 1000 bp and showed a low average
read coverage (Figure 2). Average depth of coverage was
higher for longer contigs, with a maximum of 155 for a
contig of 1920 bp in the combined analysis. The largest
contigs covering the bulk of the mt genome sequences
(below) had a coverage in the range of 10–100 or more
(Figure 2).
The MIRA contigs were parsed through an additional
round of assembly using Phrap to combine the initial
contigs into larger segments. These secondary contigs
were assigned a species identity using cox1, nad5 and cob
bait sequences obtained independently for the same speci-
mens with conventional Sanger sequencing (Figure 1). The
average length of contigs retained at this step was 7031 bp
(SD: 4661), 7573 bp (SD: 4650) and 7366 bp (SD: 4562) for
the three assemblies from lane 1, lane 2 and both lanes
combined. Contigs covering the full-length cox1 to nad1
fragment were retrieved for 20 species that had matches to
all three bait sequences in at least one of the three
assemblies. In addition, 6 and 10 contigs with two and
one bait matches were obtained, resulting in nearly
complete mitogenomes for three additional species (see
Figure 3 for details). Where multiple baits could be
assigned to a particular contig, these consistently were of
the same species, as hoped, showing that reads from mixed
samples were correctly assembled into individual
mitogenomes. However, there were two exceptions; in
lane 2, a contig of 12 131 bp not only matched three
baits belonging to Boridae (BMNH840483), but also con-
tained the cox1 bait of Erotylidae (BMNH840479). Visual
inspection of the assembly data showed MIRA attached a
1483-bp fragment containing cox1 and cox2 to the rrnL
side of the contig. This erroneous connection appeared
to be caused by two chimerical ampliﬁcation products
containing parts of the physically distant rrnL and cox2
genes. A second mis-assembly was observed in the
combined data set where a fragment allocated to species
BMNH840487 was joined with an unassigned contig con-
taining three genes (cox3-atp6-cox2) by Phrap, forming a
fragment of 14 604 bp. This mis-assembly was not detected
by incongruous bait sequences but in the annotation of
gene orders using DOGMA. In both cases, mis-assembly
was easily resolved, and showed the gene order of contigs
to be conserved and identical to that reported for other
Coleoptera.
However, DOGMA analysis also revealed one contig
with deviant gene order, in a specimen BMNH840477
(Byturus ochraceus). Closer investigation of this contig of
6381 bp showed that, in addition to a deviant gene order,
Table 1. Specimens used in this study
BMNH Family Species Country State/more for place Place Collection date
840125 Hydraenidae Hydraena sp. South Africa Western Cape Bergrivier 11/11/09
840179 Meloidae Meloidae gen. sp. South Africa Western Cape Kirstenbosch 14/11/09
840193 Hydrochidae Hydrochus sp. South Africa Western Cape Bergrivier 11/11/09
840194 Carabidae Trechini gen. sp. South Africa Western Cape Bergrivier 11/11/09
840198 Phalacridae Phalacridae gen. sp. South Africa Western Cape 10 km S. Gordon’s Bay 6/11/09
840202 Cerambycidae Clostomerus claviger South Africa Western Cape Bontebok N.P. 9/11/09
840203 Tenebrionidae Eutrapela ruﬁcollis South Africa Western Cape Bontebok N.P. 9/11/09
840206 Scraptiidae Anaspis sp. South Africa Western Cape De Hoop N.R. 31/10/09
840207 Megalopodidae Zeugophora sp. South Africa Western Cape De Hoop N.R. 31/10/09
840208 Dermestidae Anthrenus sp. South Africa Western Cape De Hoop N.R. 31/10/09
840215 Chrysomelidae Peltoptera acromnalis South Africa Western Cape Hoogekraalpas 7/11/09
840216 Elmidae Elmidae gen. sp. South Africa Western Cape Hoogekraalpas 7/11/09
840449 Heteroceridae Heterocerus fenestratus Slovakia Stu´rovo Kamenica n. H. 30/4/04
840452 Eulichadidae Eulichas sp. Philippines Mindanao Mt. Apo. 22/01/07
840454 Eucnemidae Melasis buprestoides Czech Republic Olomouc Distr. Velky´ Ty´nec 9/5/03
840457 Lycidae Merolycus dentipes South Africa Eastern Cape Silaka Nature Reserve 11/12/07
840459 Drilidae Drilus ﬂavescens Malta Weid Babu – 4/4/04
840462 Lampyridae Drilaster sp. Japan Osaka Pref. Iwakiyama 16/6/02
840465 Cantharidae Cantharis pellucida Czech Republic Olomouc Distr. Velky´ Ty´nec 8/5/01
840466 Nosodendridae Nosodendron sp. Indonesia Sumatera Jambi Prov. Gn. Kerinci 22/01/05
840469 Anobiidae Ptinus ruﬁpes Czech Republic Olomouc Distr. Naklo Mar-05
840470 Lymexylonidae Hyloecetus dermestoides Czech Republic Zlin Distr. Valasˇske´ Klobouky 14/5/03
840476 Cerylonidae Cerylon histeroides Slovakia Stu´rovo Hegyfarok 30/4/04
840477 Byturidae Byturus ochraceus Slovakia Stu´rovo Hegyfarok 30/4/04
840479 Erotylidae Tritoma bipustulata Czech Republic Moravia Brˇeclav 10/8/04
840483 Boridae Boros schneideri Slovakia Badin – Nov-09
840485 Mycetohagidae Mycetophagus quadripustulatus Slovakia Biescady Nat. Park Nova Sedlica 6/07/05
840487 Anthicidae Omonadus ﬂoralis Czech Republic Olomouc Distr. Moravicˇany 7/6/05
840491 Oedemeridae Oedemera virescens Czech Republic Olomouc Distr. Mladecˇ 30/4/05
840493 Pyrochroidae Ischalia sp. N. Laos Oudom Xai 2002
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this contig also contained a non-mitochondrial gene
fragment (Wolbachia baseplate assembly protein J: BAP)
with a gene order: cob-nad1-BAP-partial rrnL-nad5-nad4.
This incorrect contig most likely arose from PCR arte-
facts, as inspection of the assembly data (ACE ﬁle)
suggests the errors not to be caused in the sequence
assembly process. This was supported by partial Sanger
sequencing (data not shown) and by the fact that most
PCR fragments generated for this species deviated from
the expected length when visualised on agarose gels. The
contig and its assigned species were excluded from further
analyses.
Although the majority of mitogenomes could be
assembled using data generated on a single 1/16th lane,
several partially assembled fragments were joined only
after increasing the number of reads by combining the
data from a second lane (Figure 3). The same holds for
the nad2 fragment which was assembled successfully in
only 5 out of 30 cases. Inspection of the raw data set
revealed that nad2 fragments were massively under-
represented. Using nad2 sequences from 25 Coleoptera
mitogenomes as query, only 350 reads on average
were found to be present in the combined datasets with
the BLAST algorithm (e-value <0.005), which is only
0.5% of the reads generated. Failures of complete
assembly are therefore likely the result of concentration
effects, probably due to differences in the proportion of
various PCR fragments used in construction of the pooled
library.
Species assignment of the mixed 454 contigs was also
attempted against existing sequence data. Sequences of the
30 end of cox1 were retrieved for >5000 species of
Coleoptera available at GenBank. An aligned matrix
was generated, together with the corresponding sequences
from the contigs, and a maximum parsimony tree was
generated using TNT 1.1 (48). Based on this tree, most
454 contigs were correctly assigned to a sister taxon at the
species, genus or subfamily level (Figure 3). The database
composition is uneven in regard to major lineages of
Coleoptera, and poorly overlapping with the specimens
used for mitogenome sequencing which were partly from
a poorly represented local fauna (South Africa). Yet, in no
case was the phylogenetic position of a sequence closer to
the closest relatives of a different species in the data set,
i.e. given the taxonomic spread of species analyzed here,
the phylogenetic placement produced the correct species
assignment for all contigs.
Phylogenetic analysis
The aligned data matrix comprises 12 out of
13 protein-coding mitochondrial genes; the nad2 and the
50 end of cox1 were available only for ﬁve taxa and there-
fore omitted. We included 28 species, leaving out Byturus
ochraceus because of apparent in vitro rearrangements and
Nosodendron sp. whose sequence was insufﬁciently
complete. In addition, all 25 full-length mitogenomes
available on GenBank were included in the alignment
for a matrix of 53 taxa and 9477 nucleotide sites, equal
to 3159 amino acid positions. We used unweighted parsi-
mony as baseline for the analysis, against which
model-based approaches can be compared. In all
nucleotide-based analyses we applied independent
models to each codon position, rather than gene-by-gene
partitioning (29). In addition, we performed analyses after
removing 3rd codon sites and RY coding of 1st positions,
to obtain data sets of reduced levels of saturation and
lower nucleotide composition bias.
The various coding schemes produced a remarkable
improvement in line with the predictions that existing
biases in sequence variation, in particular in 3rd codon
positions, confound the tree searches. Equal weighting
of all positions under parsimony resulted in a tree that
was the least consistent with current understanding of
Coleoptera relationships (Supplementary Figure S1).
Speciﬁcally, the divergent sequence of Tetraphalerus
(Archostemata) grouped incorrectly within a derived
lineage of Polyphaga, as observed previously (29,49),
while several of the expected higher taxa are paraphyletic.
Figure 2. Number of reads and average sequence coverage of contigs in various size classes. The light bars represent the mean number of sequence
reads covering each nucleotide. The dark bars show the number of reads in a given size class. Note the very large number of short contigs, while
there are very few long contigs in a given size class mostly representing a single species.
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Applying model-based tree building methods, either under
likelihood in RAxML (Supplementary Figure S2, Figure
4) or Bayesian methods in MrBayes (Supplementary
Figures S3 and S4), resulted in improved recovery of key
groups, in particular after removal of 3rd positions
and RY coding of 1st positions (Figure 4). Only the
latter coding scheme recovers the correct position of
Archostemata distant from Polyphaga. Finally, the CAT
model (implemented in Phylobayes) allows the number of
rate categories to vary freely, each of which can vary
under an independent GTR model. This model resulted
in further improvements both when applied at the
nucleotide level (Supplementary Figure S4) and amino
acid level (Figure 5). We consider the resulting tree the
most accurate reﬂection of coleopteran relationships, as
it recovers the greatest number of higher-level groups es-
tablished by morphology and recent molecular data.
Under this ﬁnal coding scheme, the relationships of
the four suborders conform to the traditional view of
Myxophaga+Polyphaga (50), which was also supported
by EST-based ribosomal protein sequences (51). Recent
studies that were mainly based on 18S rRNA generally
support Myxophaga + Archostemata (31), while studies
of mitogenomes so far mostly support Myxophaga
Figure 4. ML tree from RaxML, with 1st position RY coded and 3rd positions removed. Major taxa are marked in shades of grey.
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+ Adephaga (29,49). The latter relationship is also
observed in virtually all analyses conducted here based
on nucleotide data (except in Phylobase which puts
groups Archostemata + Myxophaga; Supplementary
Figure S5). Within Polyphaga, we obtained Cyphon
(Eucinetoidea) as sister to all other Polyphaga, conﬁrming
existing studies (31), and the monophyly of the
Series Elateriformia and Cucujiformia, represented by 15
and 23 taxa, respectively. Internal relationships within
Elateriformia were recovered including the monophyly
of Byrrhoidea and Elateroidea s.l. (52). The
Elateriformia are the sister to the other four Series of
Polyphaga, with a close relationship of Staphyliniformia
and Scarabaeiformia (=Haplogastra), and the
Bostrichiformia as sister to Cucujiformia, the very large
radiation that includes about half of the modern
Coleoptera. Within Cucujiformia, we ﬁnd the monophyly
of Tenebrionoidea (including a single representative of
the small superfamily Lymexyloidea) but the polyphyly
of Cucujoidea, as expected from recent studies (31).
The Chrysomeloidea (leaf beetles and longhorns) was
also recovered with Phylobase analysis on amino acid se-
quences, but not in any of the other procedures.
We also assessed the contribution of individual genes to
the phylogenetic signal of the full data set. This was per-
formed in a parsimony framework using partitioned
Figure 5. Bayesian analysis on amino acid variation performed with the Phylobase software.
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Bremer support (PBS) (53). The total PBS of each gene
was summed and normalized for the number of base pairs
and informative sites (Table 2). PBS was overall strongly
positive across loci, indicating that various genes contrib-
ute to the tree in a similar way. This conﬁrms indirectly
that the genome assemblies are accurate, as chimerical
sequences would result in phylogenetic conﬂict in some
portions of the tree evident in loci that are physically
adjacent. However, the PBS was strongly negative at
several nodes for various genes. In particular, the cox1
and nad4L genes showed a negative PBS over the entire
tree (subtracting 155.1 and 64.9 steps, given a total PBS of
953 steps). The negative signal was high also if normalized
for the number of (informative) nucleotide sites in a gene
and the total number of steps contributed by the gene to
the combined analysis tree (Table 2). The cox1 locus was
identiﬁed here directly by the bait sequences, i.e. the
incongruence of this gene with the remainder of the mito-
chondrial genome cannot be due to the incorrect incorp-
oration of this locus into the contig. Hence, the conﬂict
suggests the greater effect of confounding biases in this
gene compared to most others in the mitochondrial
genome, as already established from detailed studies of
mitochondrial rate variation in Coleoptera (29).
DISCUSSION
This study demonstrates the relative ease with which the
full complement of mitochondrial protein coding genes
can be obtained, and the power of this data type to
resolve basal relationships within the Coleoptera, the
largest group of insects. The method is universally applic-
able to any group of organisms wherever long-range PCR
fragments are obtained for multiple taxa. Our method is
different from existing approaches in several ways. First,
unlike most existing studies of mt genomes [but see (54)],
we used universal, mildly degenerate primers for all taxa.
Long-range PCR is often thought to be most successful
with long (30 nt), species-speciﬁc (non-degenerate)
primers. However, our primers are not only much
shorter but also contain degenerate positions that work
for long-range PCR on a wide range of beetle species,
thus greatly reducing the complexity of the ampliﬁcation
process. Second, we show that sequencing is possible in
mixtures from which unique contigs can be separated
bioinformatically. The fact that up to 30 taxa could be
sequenced in 1/16 of a pyrosequencing plate (i.e. 480
taxa in a full plate) will greatly extend the application of
NGS technology in molecular systematics and taxonomy.
Third, it was possible to associate individual contigs un-
equivocally to particular species in the pool through the
use of short bait sequences which also established the
correct assembly of contigs by associating distant
portions of the mt genome to the same sample in the
pool. This obviates the need for independent construction
of libraries using different ‘barcode’ tags for indexing the
pooled individuals (5,55).
The quality of the contig sequences obtained was excel-
lent, given a target sequencing depth of 50 (calculated
assuming 13 kb per mt genome 30 species=390 kb of
unique sequence, and an expected 20Mb per sector of a
454 plate). Most sequences perfectly maintained the
reading frame for all protein-coding regions, although
the well established problem of long oligo-T nucleotide
repeats required manual editing in several cases. The re-
sulting contigs were obtained reliably at this level of
sequence coverage, even without the doubling of the
number of sequence reads in the combined analysis of
both sectors on the 454 sequencer, which had little effect
on the recovery of full-length contigs for the majority of
species. However, where partial contigs were obtained
from a single sector, this was generally improved by
combining both sets. As the relevant contigs had low
coverage, but increased coverage by doubling the
number of sequence reads, this was likely due to differ-
ences in concentration of PCR fragments used in the
library construction. Although every effort was made to
obtain equimolar quantities of the various fragments
based on gel intensity and measures of optical density,
long-range PCR reactions may be prone to generate
minor products that were carried over to the mixed
libraries and confound the concentrations of the target
DNA. In fact, our use of universal primers, while simplify-
ing the generation of a data set with broad taxonomic
coverage, may increase the occurrence of such minor
products and hence the proportion of unassignable,
Table 2. Analysis of PBS for each protein coding gene and the combined mitogenome
Gene Total PBS total sites Inform. sites Number steps PBS/sites PBS/inform. sites PBS/steps
atp6 33.6 678 435 5339 0.0495 0.0772 0.0062
atp8 7.5 174 126 1857 0.0431 0.0595 0.0040
cob 63.1 1137 696 8620 0.0554 0.0906 0.0073
cox1 155.1 822 442 5437 0.1886 0.3509 0.0285
cox2 83.9 690 451 5362 0.1215 0.1860 0.0156
cox3 119.9 786 480 5923 0.1525 0.2497 0.0202
nad1 212 957 626 7267 0.2215 0.3386 0.0291
nad3 150 351 247 3263 0.4273 0.6072 0.0459
nad4 150.6 1347 947 11 254 0.1118 0.1590 0.0133
nad4l 64.9 294 218 2376 0.2207 0.2977 0.0273
nad5 240.7 1716 1168 14 066 0.1402 0.2060 0.0171
nad6 126.7 525 428 5610 0.2413 0.2960 0.0225
total 953 9477 6264 76 374 0.1005 0.1521 0.0124
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comparatively short contigs (Figure 2). A further incon-
venience was the uneven success of the long-range PCR
across the diversity of taxa which required the use of
slightly different primer combinations (from the universal
primer set in Supplementary Table S1) for various target
taxa and the use of conventional PCR to obtain missing
regions on either end of the large fragment (Figure 1).
In particular, the recovery the nad2 fragment was very
limited, possibly because of incorrect estimates of the
DNA concentrations. Finally, we did not make an effort
to obtain the control region, as it is not usually inform-
ative for deep-level phylogenetics and may complicate the
assembly of contigs because this region often is
characterized by sequence repeats and extreme AT bias.
Despite some missing portions in several target taxa, the
contigs themselves were likely to be assembled correctly.
First, in a simulation experiment starting from fully
sequenced mt genomes on GenBank (Supplementary
Table 1) we established that these genomes are correctly
reassembled by the MIRA software without rearrange-
ments or formation of inter-taxon chimerae, even if
closely related species are included in the data set. The
assembly was problematic in a few cases only for the re-
petitive d-loop region which is not sequenced here. The
newly sequenced data behave very similar as the simulated
sequences, except that fragments were not present in stoi-
chiometric amounts and minor PCR fragments were
present as contaminants. This apparently created add-
itional problems of assembly and resulted in shortened
contigs, but larger contigs could be built by a secondary
assembly using Phrap. When this step was included, many
additional full-length contigs were obtained, without any
evidence of mis-assembly. The conservative settings for
the assembler are a desirable feature, to avoid spurious
contigs, but in some cases the resulting products may
require manual intervention to decide for or against
contig building.
In addition to the simulation study, support for the
correct assembly of the newly obtained sequences was
based on the following facts. First, the correct gene
order to match those in known mitogenomes of
Coleoptera, except in a single case (Byturus ochraceus,
Byturidae, BMNH480477) which apparently resulted
from in vitro rearrangements in the PCR. Second, the
use of three bait sequences conﬁrmed the same species
identity of various portions of the contigs except for one
case, and the gene order analysis revealed a second excep-
tion, but these discrepancies were easily resolved by visual
inspection of the MIRA-assembled contigs. Third, the
phylogenetic signal of the sequences was strong and
largely uniform amongst various genes as assessed with
the PBS, which is not to be expected if contigs were
chimeric products assembled from different taxa. The
greatest discrepancy with the combined-analysis tree was
for the cox1 gene which was one of the bait sequences
whose species associations are not in question. In
addition, wherever negative PBS values were encountered,
these are not concentrated around adjacent loci which
would be expected if chimeric contigs had been produced.
The success of sequencing the full set of mitochondrial
protein coding regions has several practical implications.
The procedure greatly simpliﬁes the ampliﬁcation of most
of the mitochondrial genome, and overcomes the problem
of sequencing across some of the most variable regions for
which no universal primers exist. Primer walking and clas-
sical Sanger sequencing technology in a data set of the
magnitude produced here would require hundreds of
species-speciﬁc primers (49). In addition, our ﬁnding
that contigs can be obtained reliably from mixtures of
PCR products also simpliﬁes the process and greatly
reduces the cost. A major concern was that chimeric
contigs might be produced in the assembly, but this was
found to occur only in exceptional cases and was easy to
spot and eliminate. Tagging of PCR products using paired
ends might be used to conﬁrm the correct assembly of
contigs, but we here establish the assembly is sufﬁciently
secure that such step is not necessary. Yet, paired end
sequencing will give greater conﬁdence in the data by
providing additional veriﬁcation of contigs, and may
allow more closely related taxa to be multiplexed.
Modiﬁcations of the technique could even further
reduce the effort needed, in particular to avoid the time
consuming production of bait sequences. For example, the
PCR products could be subjected to conventional
sequencing to obtain a partial sequence of both ends
with which to conduct species assignment of contigs
analogous to the bait sequences used here. Alternatively,
short nucleotide indexing tags may be added to the
long-range ampliﬁcation primers which then identify a
given contig as the product of a speciﬁc PCR reaction
via the primers at either end; a set of PCR primer pairs
with one of 30 different tags could easily be designed and
one each used in each multiplexed 1/16th sector of the 454
run. As we have shown, contig assignment could also be
performed without a bait sequence via existing sequences
of related species available at GenBank. This assignment
was unequivocal for the current data set for the cox1 gene
which has high taxonomic representation in GenBank.
This provides an even simpler procedure in cases where
the multiplexed samples are phylogenetically distant
compared to the taxonomic coverage of the database.
The possibility of an approximate species assignment
based on phylogenetic placement is also encouraging for
ampliﬁcation from environmental samples where the
identity of species may be assessed against an increasing
number of known mitochondrial genomes.
A ﬁnal topic is the use of this procedure as a
high-throughput application to be achieved with fully
automated editing. Molecular systematics data are notori-
ously difﬁcult to assemble and frequently require manual
editing, e.g. when using EST data (56). However, with
increasing sequencing power and greater sequencing
depth, these problems might be reduced and a fully auto-
mated editing process could be applied. The bioinformat-
ics steps used here are straightforward, using the MIRA
and Phrap assemblers whose output is then used for
Blastn searches against bait sequences and other mito-
chondrial databases, while alignment is conducted with
standard software such as Clustal and Transalign. These
programs can easily be linked up in a pipeline that invokes
all steps sequentially without manual intervention.
Incorrect contigs (as the small number of errors that
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were resolved manually; see above) could be eliminated by
ﬁltering the contigs based on maximum size or duplication
of gene content. However, the arcane molecular phylogen-
etics that is a prerequisite for obtaining accurate trees
probably is less easily automated. Here, we were able to
use a strategy for phylogenetic analysis developed in a
recent paper (29) and could show that the new data can
be exploited best when analyzed in a similar fashion.
Procedures of model choice and tree search require the
use of a variety of non-standard programs and automa-
tion of this aspect may be difﬁcult.
With the new sequence data and highly appropriate al-
gorithms for tree building, we are now in a position where
mitochondrial genomes can be assembled to resolve the
deep relationships of Coleoptera. The primary objective
was to establish a methodology to scale up the sequencing
of mitochondrial genomes for dense taxon sampling ultim-
ately needed to resolve relationships at the level of families
and subfamilies. Taxa selected here, therefore, were from a
range of taxonomic distances, to establish what is the
minimum divergence for contig separation and identiﬁca-
tion. It appears none of them were too close phylogenet-
ically to confound the assembly process. We focused on
two fairly narrow portions of the tree, the Elateriformia
and Tenebrionoidea. Both groups included species already
sequenced in previous studies. Seven types of phylogenetic
analyses were performed, to deal with the effects of rate
heterogeneity and compositional bias in mitogenomes of
Coleoptera (29,49). We obtained a clear progression in the
recovery of established groups with increasing model com-
plexity and removal of the most homoplastic changes (3rd
positions and transitions in 1st positions). In agreement
with this, the most complex CAT model, applied at the
amino acid level, produced the most satisfactory trees
(Figure 5), as amino acid coding largely overcomes the
problem of compositional biases, combined with the
freely varying number of rate classes in the model.
When data sets are expanding rapidly, the development
of models and their implementation in fast algorithms is as
important as the development of inexpensive sequencing
methodology.
CONCLUSIONS
This study demonstrates that several hundred full mito-
chondrial genomes can be gathered in a single sequencing
run on the 454/Roche platform without the need for an
expensive ligation step for index tagging (‘barcoding’).
Alternative NGS platforms may be used also, but
current technologies produce much shorter-sequence
reads, which permits the assembly of contigs only
against a reference sequence that is more closely related
to the focal sequence than any others in the mixture (57).
Mitochondrial genome sequences have accumulated
slowly, mostly for phylogenetically distant groups,
because of the difﬁculty to obtain the sequence informa-
tion. Existing data have presented severe limitations when
used to assess deep-level relationships, e.g. on the level of
the Insecta or Hexapoda (13,58). However, within these
groups where levels of saturation are more manageable,
the phylogenetic information content of this molecule is
very high, and is likely to increase further with denser
taxon sampling. The possibility to sequence pools of frag-
ments and to separate such mixtures reliably in silico, is a
major step towards high-throughput sequencing of
mitogenomes and other sources of long PCR amplicons.
The cost of a whole-mt genome sequence using this tech-
nology was only about 10 greater than the generation of
double-stranded Sanger sequences from a single PCR
fragment, such as those obtained for the cox1 ‘barcode’
marker (11). Mitogenome sequences therefore in future
may be obtained for each species and become the
standard for taxonomic sequencing, much like the cox1
barcodes today.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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